Couplers in general serve for galvanically isolated signal transmission between sensitive equipment. Standard opto-couplers are generally limited to a bandwidth of 25 MHz. However, with ever-increasing data transfer rates the need for couplers with much higher bandwidth is steadily growing. For this purpose magneto-couplers are very promising because their bandwidth is expected to be limited only by the Larmor precession of the magnetic moments with frequencies in the range of 1-10 GHz. In magneto-couplers the signal to be transmitted is converted into a current through a micro-coil. The resulting magnetic field is detected by a giant magnetoresistance ͑GMR͒ sensor element separated by an isolation layer. In the present case this element is a Wheatstone bridge consisting of four spin valves. The voltage across the bridge resulting from the magnetization change of the soft layers due to the field pulses is detected with a 1 GHz storage oscilloscope. Present experiments indicate a bandwidth larger than 500 MHz. After proper termination of the signal paths and applying a dc-bias field the rise time of the input signal of less than 1 ns is not increased by the coupler. Furthermore we show that the driving pulse may be completely reproduced in shape by applying external dc-bias fields. It will also be discussed how capacitive and inductive crosstalk between the coil and the spin valves and nonideal termination of the signal paths affect the achievable bandwidth.
I. INTRODUCTION
In the age of information technology high speed signal transmission with high signal integrity is a major issue. When connecting equipment with each other two problems occur ͑among others͒. First, signals tend to blur out when propagating over long distances-pulse shaping and amplification become necessary. Second, the presence of ground loops disturbs the signal transmission or even destroys sensitive equipment-galvanic isolation of circuits becomes necessary. Both issues can be solved by inserting couplers with galvanic isolation. Currently, opto-couplers dominate the market but they exhibit some disadvantages as signals become faster and structures smaller: standard opto-couplers are relatively large, not capable of being integrated monolithically with other structures on the same chip and above all, they are limited to a bandwidth of 25 MHz.
Magneto-couplers are thought to show a way to overcome these limitations. Consisting of a micro-coil ͑instead of a light emitting diode͒ and some magnetoresistive sensors ͑instead of a photo diode͒ with an isolation layer in between they can be built solely planarily with small lateral dimensions and the bandwidth of these devices should only be limited by the precession of the magnetization in ferromagnetic thin films. There are already commercial magnetocoupler products, e.g., from NVE Corporation; 1 the question of attainable bandwidth which is addressed in this communication has not been investigated in detail so far.
II. GMR STACK AND GEOMETRY
The magneto-coupler devices investigated here are prototypes ͑cooperation of IPHT Jena and SIEMENS AG 2 ͒. The underlying GMR stack consists of the following spin valve structure prepared by sputter deposition: FeMn/Co reference layer, Cu spacing layer, Co/Py sensing layer ͑soft layer͒. The bulk film shows a GMR effect of 7%. During deposition an uniaxial anisotropy of 0.18 kA/m was induced in the sensing layer by an applied magnetic field. Furthermore, an orangepeel coupling field of 0.32 kA/m between the reference layer and the sensing layer has been measured. 2 The pinning direction of the reference layer is oriented perpendicular to the easy axis of the soft layer. As the GMR stack is microstructured into a strip geometry also shape anisotropy and stray field coupling influence the magnetization direction within the sensing layer. Here, the easy axis of the shape anisotropy is oriented parallel to the intrinsic easy axis.
In order to obtain a complete magneto-coupler the extended spin valve is microstructured into stripes ͑with resistances in the order of few hundred ohm͒ and covered with an isolation layer. On top a micro-coil is deposited in order to generate magnetic fields perpendicular to the stripes. To avoid offset errors and temperature drifts four stripes are arranged in a Wheatstone bridge configuration as denoted in Fig. 1 . It can be seen that the two branches of the bridge need to have a signal of opposite sign in order to gain a maximum difference between the outputs a and b. This is achieved by reversing the current direction above two of the stripes as the reference magnetization is identical for the four stripes. 
III. EXPERIMENTAL SETUP
The data presented here were obtained by driving the micro-coil with the HP 8082A pulse generator which exhibits a minimum rise and fall time of 1 ns ͑rise and fall times are measured at a 10%-90% level unless otherwise stated͒, a minimum pulse width of 2 ns and a maximum voltage output of 5 V ͑at 50 ⍀͒ or an AVTECH AVP-AV-HV3-C pulse generator with a fixed rise time of 150 ps ͑20%-80%͒, a maximum pulse width of 2 ns and a maximum voltage output of 40 V ͑at 50 ⍀͒. The micro-coil has an inductance of ͑18Ϯ2͒ nH. This inductance acts as a low pass together with the 50 ⍀ input impedance of the oscilloscope. Therefore, signals with frequencies above the cutoff frequency of 440 MHz of this low pass are highly attenuated.
A microstrip geometry was chosen to connect the magneto-coupler device itself with the surroundings. We used a Rogers High Frequency Laminate to design and fabricate four microstrips with 50 ⍀ impedance. These were located on top of a 5 cmϫ5 cm board and soldered to SMA connectors at the outer side. The magneto-coupler device was mounted in the middle of the board and connected to the microstrips by gold bonds. It has to be emphasized that neither the gold bonds nor the micro-coil and the GMR stripes have been designed to have an impedance of 50 ⍀. Therefore, there is an impedance mismatch as signals run through the micro-coil or leave the Wheatstone bridge toward the oscilloscope. Finally, the transmitted pulse and the voltage outputs U a and U b were detected by the Tektronix TDS 7104 digital storage oscilloscope with a bandwidth of 1 GHz and intrinsic rise time of about 400 ps.
To reduce external noise which is due to the unshielded measurement setup the signal was averaged over 40-80 pulses. This noise should not be present in a real device with a shielded package. As a consequence the averaged curves give an upper limit for the pulse rise and fall times.
IV. RESULTS AND DISCUSSION
The vicinity of the micro-coil and the GMR stripes causes inductive and capacitive crosstalk to occur whenever a rising edge of the driving current passes the coupler. However, inductive crosstalk vanishes at the bridge outputs due to the special geometry. Capacitive crosstalk was found to create voltage peaks up to five times greater than the output signal itself which is defined as the voltage difference between the bridge outputs a and b: U out ϭU a ϪU b . These peaks are equal in polarity and therefore cancel out for a perfectly symmetric bridge. The bridge investigated here was slightly asymmetric resulting in crosstalk peaks up to 8 mV superimposed on the ''real magnetic'' signal. This capacitive crosstalk was removed from the measured output signals by subtracting the waveforms measured at zero bridge bias (U dc ϭ0; Fig. 1͒ from the signals for finite bias. In future devices the capacitive crosstalk should be reduced by minimizing the asymmetry of the Wheatstone bridge.
Usually oscilloscope measurements are carried out by probes which have high impedances in order to leave the DUT ͑device under test͒ as unchanged as possible. However, this causes two problems in our case: first, the high impedance of the probe creates a RC circuit in the manner of a low pass together with the input capacitance of the oscilloscope with cutoff frequency far below 1 GHz, which makes it impossible to detect fast edges. Second, the probe tip produces a great mismatch at the point of signal gathering, which leads to uncontrolled reflection behavior of the signal. Consequently, we use 50 ⍀ high-bandwidth cables ͑20 GHz͒ instead and switch the oscilloscope into the 50 ⍀ termination mode. Now, no reflections occur and the cutoff frequency of the low pass is far above the oscilloscope's bandwidth. But, the bridge is altered now due to the 50 ⍀ input impedance shunted parallel to two of the sensors. Therefore, the achievable output signal is reduced. Figure 2 shows a measurement with a 78 mA driving pulse ͑3.9 V on 50 ⍀͒ with t rise ϭ0.96 ns, t fall ϭ1.1 ns, and t pulse ϭ3.0 ns ͑width at half maximum͒. With no external bias field applied the magneto-coupler reaches a maximum signal output of U out ϭ11.7 mV, which corresponds to a normalized output amplitude of U out /U dc ϭ2.0 mV/V ͑as U dc ϭ5.9 V in this case͒. Obviously, U out is still rising when the driving pulse is switched off and t fall Ͼ4.5 ns as the settling of U out to zero is not on screen. However, things are changing dramatically when an external bias field of 5.3 G ͑of arbitrary polarity͒ is applied in the easy axis of the GMR stripes: the output U out now almost perfectly reproduces the incoming pulse with t rise ϭ0.94 ns and t fall ϭ1.2 ns. Further, the output amplitude is increased to 18.4 mV, which corresponds to U out /U dc ϭ3.1 mV/V. Similar results occur with driving pulses of much smaller rise and fall time as provided by the AVTECH pulse generator. Remember that the oscilloscope measures greater rise and fall times due to its limited bandwidth-but the coupler actually ''sees'' smaller ones as we use high bandwidth cables. Figure 3 shows a 96 mA driving pulse ͑4.8 V on 50 ⍀͒ with measured t rise ϭ1.2 ns, t fall ϭ0.64 ns, and t pulse ϭ2.1 ns. With no external bias field applied the magneto-coupler reaches a maximum signal output of U out ϭ14.0 mV, which corresponds to a normalized output amplitude of U out /U dc ϭ2.4 mV/V. Again, U out is still rising when the driving pulse is switched off and t fall Ͼ6.5 ns. Furthermore, an external bias field of 6.5 G of arbitrary polarity, which is applied in the longitudinal easy axis of the GMR stripes, shapes U out to almost perfectly reproduce the incoming pulse (t rise ϭ1.0 ns and t fall ϭ0.55 ns͒. Again, the output amplitude is increased to 21.3 mV, which corresponds to U out /U dc ϭ3.6 mV/V. Another effect occurs when an external bias field of 5.9 G is applied perpendicular to the stripes ͑i.e., along the intrinsic hard axis͒: the output U out is even further increased to 24.7 mV ͑leading to U out /U dc ϭ4.2 mV/V͒ for the one polarity but almost fully suppressed for the other polarity.
To understand this behavior we performed dc hysteresis measurements where a relatively slow bipolar triangle signal of 40 mA was driving the micro-coil. They show that with no bias applied the magneto-coupler output U out exhibits hysteretic behavior leading to the long rise and fall times of the zero field case of Figs. 2 and 3. However, with a bias field in easy axis ͑of arbitrary polarity͒ U out shows almost perfect linear behavior without any hysteresis ͑and unaltered amplitude͒, which obviously makes almost perfect pulse reproduction by the coupler possible ͑Figs. 2 and 3͒. Finally, with a similar bias field in hard axis a broader hysteresis and a larger signal than in the ͑dc͒ zero field case are observed. However, if one now reverses the polarity of that bias field the output signal U out is suppressed dramatically to less than the half value. These dc results are consistent with the measurements described in the previous paragraph.
It is well known that the switching of soft ferromagnetic thin layers may last several nanoseconds whenever this switching is performed in the ͑hysteretic͒ easy axis. 3, 4 Several mechanisms have been suggested on how the motion of the magnetization may be slowed down. 3, 4 However, when switching is initiated by a pulse field perpendicular to the easy axis it has been shown that this so-called rotational switching is ͑in principle͒ only limited by the precession of the magnetic moments in the ferromagnetic film which has frequencies in the range of 1-10 GHz. 5 These results and our measurements suggest that the role of the external bias field should be studied in more detail by precisely controlling the orientation of the exchange bias and anisotropy fields. This is rather difficult for the present samples as the GMR stripes are arranged in the bridge configuration ͑which makes measurements on single stripes impossible͒ and are covered with the isolation layer and the micro-coil ͑which makes measurements by Kerr effect impossible͒. Therefore, single microstructured spin valve elements of different shape and size and with well-defined anisotropies will be investigated in the future.
V. SUMMARY
Our measurements show that by choosing an appropriate configuration of internal and external magnetic fields and preferred directions present magneto-couplers are suitable for high speed signal transmission with rise and fall times less than 1 ns, corresponding to a bandwidth of at least 500 MHz. The bandwidth is so far only limited by the inductance of the micro-coil and the limited measurement capabilities. Therefore, a sampling oscilloscope with 20 GHz bandwidth will be used in the future. Furthermore, more attention has to be turned to matching all components of the magnetocoupler and its connections to 50 ⍀ impedance. Solving this task and keeping in mind the results of Schuhmacher et al., 5 magneto-couplers are very promising to serve for high speed signal transmission in the GHz regime. This work was funded by the High-Tech-Offensive Zukunft Bayern of the state of Bavaria.
